Copper-resistant strains of Xanthomonas campestris pv. juglandis occur in walnut orchards throughout northern California. The copper resistance genes from a copper-resistant strain C5 ofX. campestris pv.juglkndis were cloned and located on a 4.9-kb ClaI fragment, which hybridized only to DNA of copper-resistant strains ofX. campestris pv.juglandis, and was part of an approximately 20-kb region which was conserved among such strains of X. campestris pv. juglandis. Hybridization analysis indicated that the copper resistance genes were located on the chromosome. Plasmids conferring copper resistance were not detected in copper-resistant strains, nor did mating with copper-sensitive strains result in copper-resistant transconjugants. Copper resistance genes from X. campestris pv. juglandis shared nucleotide sequence similarity with copper resistance genes from Pseudomonas syringae pv. tomato, P. syringae, and X. campestris pv. vesicatoria. DNA sequence analysis of the 4.9-kb fragment from strain C5 revealed that the sequence had an overall G+C content of 58.7%, and four open reading frames (ORFI to ORF4), oriented in the same direction. All four ORFs were required for full expression of copper resistance, on the basis of Tn3-spice insertional inactivation and deletion analysis. The predicted amino acid sequences of ORF1 to ORF4 showed 65, 45, 47, and 40%o identity with CopA, CopB, CopC, and CopD, respectively, from P. syringae pv. tomato. The most conserved regions are ORF1 and CopA and the C-terminal region (166 amino acids from the C terminus) of ORF2 and CopB. The hydrophobicity profiles of each pair of predicted polypeptides are similar except for the N terminus of ORF2 and CopB. Four histidine-rich polypeptide regions in ORF1 and CopA strongly resembled the copper-binding motifs of small blue copper proteins and multicopper oxidases, such as fungal laccases, plant ascorbate oxidase, and human ceruloplasmin. Putative copper ligands of the ORFI polypeptide product are proposed, indicating that the polypeptide of ORF1 might bind four copper ions: one type 1, one type 2, and two type 3.
Walnut blight caused by Xanthomonas campestris pv. juglandis is an important disease of Persian (English) walnuts (Juglans regia L.) in California, Oregon, and other states (4, 6, 43) . Copper-containing bactericides have been used for many decades to reduce the severity of this disease and other plant bacterial diseases (7, 52) . However, the efficacy of copper has been reduced by the occurrence of copper-resistant bacterial strains. Plasmid-encoded resistance to copper has been demonstrated for several phytopathogenic bacteria and some other bacteria, including Pseudomonas syringae pv. tomato, a pathogen of tomato (8) ; X campestris pv. vesicatoria, a pathogen of pepper and tomato (1, 10, 42, 69) ; P. syringae pv. syringae (71) ; Escherichia coli (73) ; and Mycobacterium scrofulaceum (21) .
The development of copper resistance (Cur) is widespread among populations of X. campestris pv. vesicatoria. Cur strains occur throughout tomato and pepper fields in Florida (69) and tomato fields in California (17) , Oklahoma (10) , and Georgia (26) . Cur genes in X campestris pv. vesicatoria from Florida and Oklahoma are located on 200-and 188-kb self-transmissible plasmids, designated pXvCu and pXV, respectively (10, 69) . Cur genes in X campestris pv. vesicatoria strains isolated from tomato plants and seeds in California are located on a tance can be conferred only by the copA and copB frames. The predicted protein products of these four ORFs (CopA, CopB, CopC, and CopD) each have a hydrophobic region at the N terminus with characteristics common to signal peptide sequences. Except for the signal-peptide regions, the CopA, CopB, and CopC proteins are mostly hydrophilic for the remainder of their structures, but CopD has several. potential membrane-spanning hydrophobic regions (16, 44) . The locations of CopA, CopB, and CopC were determined by immunoblot analysis of subcellular fractions. CopA and CopC are located in the periplasmic space between the inner and outer membranes, but CopB appears to be tightly associated with the outer membrane. Some CopA also is found in outer membrane fractions.
CopA contains type 1 copper-binding sites near its carboxyl terminus with strong similarities to the single type 1 copperbinding sites in multicopper oxidases (53) . Both CopA and CopC have a capacity to bind copper atoms. Thus, the copper resistance.mechanism was proposed to.be determined by the copper-bonding capacities of these periplasmic and outer membrane proteins to prevent entry of toxic copper ions into the cytoplasm (12) . Immediately downstream from copABCD are two genes, copS and copR, which are expressed in the same orientation as the cop operon but from a different promoter (48) . These two genes encode trans-acting factors which influence expression of the copABCD operon. The amino acid sequence deduced from these genes showed similarity with other two component systems (48) .
A plasmid-encoded copper resistance system (pco system) also has been reported for E. coli, isolated from the feces and gut contents of pigs which had been fed a copper-supplemented diet as a growth-promoting stimulant (73) . Recent DNA sequencing of the plasmidpco system defined a region of seven structural genes, pcoA to pcoD, pcoR, pcoS, and pcoE. The amino acid sequence identities between pco and cop systems are 76% for PcoA and CopA, 54% for PcoB and CopB, 60% for PcoC and CopC, 38% for PcoD and CopD (37, 59, 64) , and 61% for PcoR and CopR (48) . However, the biochemical mechanisms of copper resistance in thepco system are not. known.
Because of the widespread distribution of copper resistance in bacteria, a comparative analysis of additional copper resistance systems might provide an opportunity to better understand the functions of copper resistance genes, reveal their common.and unique features, and provide. information about their evolutionary relationships. In the present study, we describe the isolation, DNA sequence, and organization of Cur genes fromX. campestris pv.juglandis, their distribution among walnut blight bacteria, and their relatedness to Cur genes of other bacteria. The sequences of the predicted Cur gene peptide products were compared with those of copper resistance genes from P. syringae pv. tomato and the blue copper proteins, including the small blue proteins and multicopper oxidases, from fungi and plants.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Bacterial strains.and plasmids used in molecular genetic studies and their relevant phenotypes and sources are listed in Table 1 . X campestris pv. juglandis Cur strain C5 and Cus strains NF1, NF2, Fl, and Si (hereafter called XJC5, XJNF1, XJNF2, XJF1, and XJS1, respectively) were isolated from infested walnut buds in northern California. Another three Cur strains were chosen to study the distribution of Cur genes: XJC3 was isolated from infested walnut buds from Butte County, California, in 1990; XJR1 was isolated from infected nuts at Tehama County, California, in 1992; and XJG4 was obtained from Griffin Corporation (Valdosta, Georgia). A Cus strain of X. campestris pv. celebensis XC143, which is in the same DNA homology group as X campestris pv. juglandis (38) , was obtained from the International Collection of Phytopathogenic Bacteria, Department of Plant Pathology, University of California, Berkeley. Spontaneous rifampin-resistant (Rift) mutants of XC143, XJNF1, and XJS1 were selected by plating the bacteria at 109 cfu/ml on Luria agar (LA) (47) amended with rifampin (100 ,ug/ml). Bacteria were screened for resistance to cupric ions on Casitone-yeast extract (CYE)-glycerol agar medium (79) supplemented with appropriate concentrations of cupric ions in the form of CuS04 -5H20. One microgram of cupric ions per ml is equivalent to 15.7 ,uM. The cupric ion is 25% of CUS04 * 5H20. E. coli cultures were grown in LA medium at 37°C, and all other bacteria were grown at 28 to 300C. Concentrations (in micrograms per milliliter) of antibiotics for selecting resistance markers were 50, ampicillin; 10, chloramphenicol; 50, kanamycin; 20, nalidixic acid; 50, spectinomycin; 100, streptomycin; 12.5, tetracycline; and 50, rifampin. These antibiotics were purchased from Sigma Chemical Co., St. Louis, Mo.
General DNA manipulations. Miniscale preparations of E. coli plasmid DNA were made by the alkaline lysis method, and large-scale preparations of E. coli plasmid DNA were made from cleared lysates followed by density gradient centrifugation in a cesium chloride (CsCl)-ethidium bromide solution as described by Sambrook et al. (60) . To determine the location of Cur genes of X campestris pv. juglandis, the Kado and Liu method (33) , which enables the isolation of intact large plasmids, was used to isolate plasmids from X. campestris pv. juglandis. Total genomic DNAs of X campestris pv. juglandis were isolated by the CTAB (hexadecyltrimethylammonium bromide) method (78) , and DNAs were further purified on CsCl-ethidium bromide gradients when necessary. Digestion of DNA with restriction enzymes and agarose gel electrophoresis were done by standard procedures (60) . Fragments for subcloning were isolated by electroelution into dialysis bags after separation in agarose (standard low Mr; Bio-Rad Laboratories, Richmond, Calif.) or low-melting-temperature agarose (GTG SeaPlaque agarose; FMC Bioproducts, Rockland, Maine). Southern blotting, colony hybridization, and dot blot assays were done as described by Sambrook et al. (60) . DNA was blotted onto Nytran membranes (0.45-,um pore size; Schleicher & Schull, Keene, N.H.). Fragments used in Southern hybridization as probes were separated by agarose gel electrophoresis, excised, and extracted with a Sephaglas BandPrep kit (Pharmacia LKB Biotechnology, Alameda, Calif.). The fragments were then labeled with [a-32P]dCTP by using the multiprime DNA labeling system (Amersham Corporation, Arlington Heights, Ill.) or with digoxigenin-11-dUTP by using the Genius nonradioactive DNA labeling and detection kit (Boehringer Mannheim Biochemicals, Indianapolis, Ind.). Prehybridization, hybridization, and washing for [_-32P]dCTP-or digoxigenin-11-dUTP-labeled probes were performed at 680C as described by Sambrook et al. (60) and according to the manufacturer's protocol. Autoradiography was carried out at -80°C with Kodak X-Omat AR film in a cassette with one intensifying screen. Ligations were performed with T4 DNA ligase, according to manufacturers' instructions. Transformations were performed by the calcium chloride procedure as described by Sambrook et al. (60) .
Construction of the pLAFR3 cosmid library. A genomic Hybridization of Cur subclone to other Cur genes. To determine whether the Cur genes of X. campestris pv.juglandis had homology to Cur genes of other bacteria, the 4.9-kb ClaI fragment from pXjCu99 was used to probe three plasmids carrying Cur genes from other bacteria. These plasmids are pCOR1.la carrying a 6.5-kb PstI fragment from P. syringae (58) , pCOP2 carrying a 4.5-kb PstI fragment from P. syringae pv. tomato (9) , and pXvCu116 carrying a 4.8-kb BglII-HindIII fragment from X campestris pv. vesicatoria (69, 69a) . The probe hybridized to all three Cur genes when the hybridization and washes were carried out at 68°C (results not shown). Signals of stronger intensity were observed after hybridization of the Cur genes from X campestris pv. juglandis with the Cur genes from X campestris pv. vesicatoria than with those from P. syringae and P. syringae pv. tomato.
Location of copper resistance genes of X campestris pv.
juglandis. In attempts to extract plasmids from Cur strains ofX campestris pv. juglandis, the method of Kado and Liu (33) (70), pXjCulO contains a 7.4-kb EcoRI fragment cloned into the EcoRI site of pCPP45 (14), and pXjCu99 contains a 4.9-kb ClaI fragment cloned into the Clal site of pCPP46 (14) . Restriction fragments were subcloned in the broad-host-range vector pLAFR3 or pCPP45 with orientation either in the same direction as the lac promoter (I) or in the opposite direction (II). The subclones or Tn3-spice mutated plasmids were conjugated into the copper-sensitive strain of X campestris pv. celebensis XC143 by triparental mating. The sites of Tn3-spice insertion are represented by triangles. +, -, and ± below the A's correspond to growth and no growth on CYE-glycerol with 10 ,ug of cupric ion per ml and growth on 10 ,ug but not on 15 ,ug of cupric ion per ml, respectively. The inaZ reporter was oriented in the same direction as the lac promoter (A) or in the opposite direction (A). The shaded segments refer to the complete ORFs, and the open segments represent the partially deleted ORFs. The three columns on the right indicate growth (+) or no growth (-) of the subclones on CYE-glycerol agar plates with different concentrations of cupric ions. B, C, E, H, N, P, and S1 designate cleavage sites for the restriction endonucleases BamHI, ClaI, EcoRI, HindIII, NsiI, PstI, and SalI, respectively.
To analyze the region farther to the right, a unidirectional walk was made from pXjCul. A 5.2-kb ClaI fragment from pXjCul was used as a probe to identify overlapping cosmids from the gene library by colony hybridization. Eight cosmid clones, pGL14 to pGL21, were obtained. The restriction map of these clones showed that pGL21 extended the farthest to the right. With pGL21 as the probe, a strong signal was detected when hybridized to the DNA of the copper-sensitive strains. To determine the length of the region present only in Cur strains, several probes were designed as shown in Fig. 3 . These probes (1 to 13) were hybridized to the total DNA of several Cur and Cus strains by dot blot assay. Probes 1, 2, 9, 10, 11, and 12 hybridized to the DNA of both Cu5 and Cur strains, but probes 3 to 8 hybridized only to Cur strains (Table 2) . Since a weak signal was detected with probe 9, the right-hand border of the Cur region should be located in this fragment (Fig. 3) . These hybridization tests revealed that the copper resistance genes (4.9-kb ClaI fragment) were part of an approximately 20-kb region that was absent in the Cu5 strains.
Conservation of the 20-kb fragment among the Cur strains. Three Hindlll fragments, 7.2, 3.2, and 9.4 kb, respectively (corresponding to probes 4, 5, and 13 in Fig. 3 ), within the 20-kb region were used as probes to hybridize HindlIl-digested total genomic DNAs from four Cur strains, XJC3, XJC5, XJR1, and XJG4. All Cur strains tested contained these three HindlIl fragments, and their sizes were the same as those of _. kC 40-- the probes (results not shown). To determine the extent of the conserved region, another two HindIII fragments around the border, 1.6 and 0.7 kb (corresponding to probes 2 and 3, respectively, in Fig. 3 ), were used as probes to hybridize HindIII-and BamHI-digested total genomic DNAs of the four Cur strains. The probes hybridized to a 1.6-kb or a 0.7-kb fragment in the HindIII-digested total genomic DNA of Cur strains (results not shown). The 1.6-kb HindIlI probe hybridized to a 5.8-kb fragment in BamHI-digested XJC5 genomic DNA as predicted from the restriction map in Fig. 3 but also hybridized to a 3.5-kb band in other Cur strains (Fig. 4A ).
More polymorphism was observed when the 0.7-kb HindIII probe was hybridized to BamHI-digested genomic DNA of Cur strains (Fig. 4B) ; a hybridizing band(s) with the indicated size(s) was present as follows: 5.4 kb in XJC3, 12 and 5.8 kb in XJC5, 7.9 kb in XJR1, and 7.9 and 7.5 kb in XJG4.
Sequence analysis of Cur genes ofX. campestris pv.juglandis.
The identity of the copper resistance genes was determined by sequencing the 4.9-kb ClaI fragment inside pXjCu1O. Both strands were sequenced. The complete nucleotide sequence (4,913 bp) and deduced amino acid sequences are shown in The map was derived from several overlapping cosmid clones. The cosmid clones pXjCul and pXjCu5 cover the entire region. The numbers in the parentheses represent the length of the insert in each clone in pLAFR3. The solid black segment is the 4.9 kb required for copper resistance. The hatched segments on both sides of the map refer to the regions which hybridized to copper-sensitive strains. The open segments represent probes 1 to 13 designed to hybridize total DNA of several copper-resistant and -sensitive strains to determine the length of the region present in resistant and not in sensitive strains (Table 2) . B, C, and H designate cleavage sites for the restriction endonucleases BamHI, ClaI, and HindIII, respectively. region upstream of these coding regions. The promoter sequences or actual transcriptional starting points were not directly determined. The consensus Shine-Dalgarno (SD) ribosome-binding site sequences (63) are underlined in Fig. 5 .
The amino terminus (N terminus) of ORFi has a putative secretory signal peptide sequence composed of a basic Nterminal region, a central hydrophobic region, and a more polar C-terminal region (66, 74, 75) . A prokaryotic signal cleavage site located between residues 43 and 44 was predicted by the method of von Heijne (76) and by the comparison of the N-terminal sequences of CopA of Cur genes from P. syringae pv. tomato (12) (Fig. 6) . Comparison of the predicted amino acid sequence of this ORFi and CopA (44) revealed that the overall homology of identical amino acids was 65% (hereafter called identity) and 78% for that of conservative amino acid changes (hereafter called similarity) (Fig. 6) . The greatest degree of similarity occurred at the carboxy terminus (C terminus past residue 462, 79% identity) and at two internal regions (residues 114 to 176 and 283 to 338 in ORFi and residues 97 to 159 and 266 to 321 in CopA, 81% identity) of the two proteins. These three regions contain highly conserved motifs found in multicopper oxidases as described below (see Fig. 10 ). CopA contains four tandem repeats of the octapeptide (Asp-His-X-X-Met-X-X-Met) in amino acids 375 to 434, but ORFi contains only one such octapeptide and no repeat was found (Fig. 6) (Fig. 6 ). These multicopper oxidase signatures are proposed copper-binding motifs and occur in several multicopper oxidases, such as fungal laccases, plant ascorbate oxidase, and human ceruloplasmin, as described below.
The predicted amino acid sequence of ORF2 and CopB from P. syringae pv. tomato (44) share 45% identity and 71% similarity. The C-terminal regions are more highly conserved than the N-terminal regions (Fig. 7) . The N terminus of ORF2 lacks any significant hydrophobic regions, which occur in the N terminus of CopB, determined by the algorithm of Kyte and Doolittle (35) . Furthermore, ORF2 contains no sequence that resembles the octapeptide (Asp-His-X-X-Met-X-X-Met), which is repeated tandemly five times in CopB (Fig. 7) .
Analysis of the N-terminal region of the third ORF revealed the likely presence of such a signal peptide sequence with a predicted processing site between residues 25 and 26 according to the rules of von Heijne (76) and by comparison with the N-terminal sequences of CopC from P. syringae pv. tomato (12) (Fig. 8) . The predicted amino acid sequence of ORF3 and CopC share 47% identity and 70% similarity. However, no highly conserved regions were found in these two proteins.
The N-terminal region of ORF4 also possesses a potential signal peptide. The ORF4 and P. syringae pv. tomato CopD peptides (44) showed 40% identity and 64% similarity. No strongly conserved region was found in these two proteins (Fig.   9 ). However, the six or seven major hydrophobic stretches in ORF4 are conserved in the same general locations as in CopD.
Thirty (Fig. 10) . Except for these regions, comparison of other portions shows a lower degree of or no sequence homology. The alignment of the conserved regions revealed that the regions close to the N or C terminus are better conserved than the middle regions. Laccase fromA. nidulans and human ceruloplasmin do not contain the region which is homologous to the middle region (amino acids 283 to 338 of ORF1). Closer inspection of the sequences revealed four regions with more homology (76 to 100% identity). These highly homologous regions contain four clusters of histidine residues which constitute the proposed copper-binding domains of multicopper oxidases. The histidinerich clusters form 12 copper-binding ligands to type 1, type 2, and type 3 copper, on the basis of the results of X-ray crystallographic analysis for zucchini ascorbate oxidase (20, 46, 51) (Fig. 10) . The fourth homologous region (amino acids 603 to 635; C-terminal sequence of ORF1) contains a multicopper oxidase signature 1 ( Fig. 6 and 10 ). This signature 1 has a cysteine, histidine, and methionine in positions homologous to the type 1 copper-binding domain of small blue copper proteins, such as algal plastocyanin (15, 27) , azurin from Alcaligenes denitrificans and Pseudomonas aeruginosa (2, 50), pseudoazurin from Alcaligenes faecalis (3, 55, 56) , and plantacyanin from cucumber (Cucumis sativus) (28) .
ORFs required for copper resistance activity. As shown in Fig. 1 (44) . The ORF1 (635 amino acids) and CopA (609 amino acids) sequences are presented on the top and bottom lines, respectively. Identical matches are irndicated by 1, whereas conserved amino acid substitutions are denoted by a colon. The comparison between ORFI and CopA revealed 65% identity and 78% similarity. The potential cleavage site between the signal sequence and the mature protein is indicated by the vertical arrow. There are one multicopper oxidase signature 1 (MCS1) and two multicopper oxidase signatures 2 (MCS2) in ORFI, whereas CopA contains one signature 1 and one signature 2. Four tandemly repeated octapeptides (Asp-His-X-X-Met-X-X-Met), underlined with an arrow, were found in CopA, whereas only one such octapeptide was found in ORF1. The regions which show homology to multicopper oxidases are boxed (see Fig. 10 ). The alignment was accomplished by using the CLUSTALV program (31 (44) . Five tandem repeats of the octapeptide (Asp-His-X-X-Met-X-X-Met), underlined with an arrow, were found in CopB but are absent from ORF2. ORF2 and CopB have 45% identity and 71% similarity. Other details and symbols are described in the legend to Fig. 6. strains. No plasmids were detected in these Cur strains, and no Cur transconjugants were found by mating Cur strains with Cus strains. Southern blot analysis with a 1.36-kb BamHI-EcoRI fragment as a probe, an internal part of the Cur determinant, also suggested that the Cur genes were located on the chromosome of several Cur strains of X campestris pv. juglandis. However, on the basis of these results, the possibility that the copper resistance genes may be located in a high-molecularweight nonmobilizable plasmid, which may have been sheared during DNA extraction, cannot be completely ruled out.
TGTCGGGAACCGAATTCGATCTTGCTATCGGCGAGACGCCGGTCAATTTCACCGGGCGCGCCAGGCCGG S G T E F D L A I G E T P V N F T G R A R P A 484 CGATCACGGTCAATGGCTCGATTCCTGCCCCTTTGCTGCGTTGGCGTGAAGGGACCACCGTAAATCTGC I T V N G S I P A P L L R W R E G T T V N L R

GGGTTTCCAATGTCCTGCCGGCCGAGTCGATTCATGGCCACGAGACCTCCATTCATTGGCACGGCATCT V S N V L P A E S I H G H E T S I H W H G I L 622 TGTTGCCGGCCAACATGGACGGCGTACCTGGACTGAGCTTTGCCGGCATAGGGCGCGGTGATACCTACC L P A N M D G V P G L S F A G I G R G D T Y H 691 ACTATCGCTTCACTGTCCAGCAGGGTGGCACCTACTGGTATCACAGTCATTCGGCATTTCAGGAGCAGG Y R F T V Q Q G G T Y W Y H S H S A F Q E
Q A 760 CCGGCCTCTACGGACCGTTGGTTATCGACCCCATTGAACCCGAGCCGTTCTCGTTCGACCGCGACTACG G L Y G P L V I D P I E P E P F S F D R D Y V 829 TAGTCATGCTTAGTGATTGGACCGATCTCGATCCGGCTGCGTTGTTTGCACGGCTAAAGAAGATGGCCG V M L S D W T D L D P A A L F A R L K K M A G 898 GTCACGACAATTACTATCGGCGCACCGTCGGGGACTTCGTTCGCGATGCGCGCGAGGATGGTCTCAAGG H D N Y Y R R T V G D F V R D A R E D G L K A 967 CCACCTTGGCCGACCGAAAGATGTGGGGGCAGATGCGCATGACGCCGACGGATCTATCCGACGTCAATG T L A D R K M W G Q M R M T P T D L S D V N A 1036 CAAATACTTACACCTACCTCATGAATGGCACCACCTCGCTCGGCAACTGGACCGGGCTGTTCCGATCGG N T Y T Y L M N G T T S L G N W T G L F R S G 1105 GAGAGAAGGTGCGTCTTCGCTTCATCAATGGCTCGGCGATGACCTACTTCGACGTACGCATCCCAGGCT E K V R L R F I N G S A M T Y F D V R I P G L
TAAAGATGACGGTTGTGGCCGCCGATGGCCAATACGTCCATCCGGTAAGCGTAGACGAGTTCCGCATTG K M T V V A A D G Q Y V H P V S V D E F R I A 1243 CCGTTGCCGAAACTTTTGACGTCATCGTTGAGCCTTCCGGCCAGGACGCTTTCACTATCTTCGCCCAGG V A. E T F D V I V E P S G Q D A F T I F A Q D 1312 ATTCTGGGCGTACCGGTTACATCAGTGGCACGCTGGCTGTGCGAGAGGGGCTGCGCGCTCCCGTGCCCT S G R T G Y I $ G T L A V R E G L R A P V P S
CCGTGGACCCGCGCCCCATCCTGACCATGGCCGACATGGGTATGGATCACGGCGGGATGAGCGGCATGA V D P R P I L T M A D M G M D H G G M S G M S 1450 GCATGAGCGCAAGCGACTCAAGCGACTCAAGCGACTCAAGCAACAAGCCAGCGATGGCTATGAACATGG M S A S D S S D S S D S S N K P A M A M N M A
CCGGGATGGCGCACGAGCCGGGTCAACGTTCGCCGGCAGGCGCAGACGCCGATCCACATGCCGGCCATG G M A H E P G Q R S P A G A D A D P H A G H D 1588 ATATGAGCGGGATGCAATCAGGTTCCATGCCCGGCATGGATCATGGTGCAGGCATGCAAGCCCATCCGC M S G M Q S G S M P G M D H G A G M Q A H P P 1657 CGAGTGAAGATCGTAACCCTCTGGTCGATAACCAGGCGATGACCCCTACGTCCCGCATGGATGATCCTG S E D R N P L V D N Q A M T P T S R
M D D P G BamHI 1726 GCAACGGGTTGCGGGGTAACGGTCGCACGGTACTGACCTACGCAATGCTCAAAAGTACGiTTGAGGATC N G L R G N G R T V L T Y A M L K S T F E D P 1795 CCGATGGCCGAGCCCCTGGACGAGAGATCGAACTTCATTTAACCGGCCATATGGAGAAATTTGCGTGGG D G R A P G R E I E L H L T G H M E K F A W G 1864 GATTCAACGGTCAAAAATTCTCTGATGTCACCCCGTTGCGATTGAACTATGGCGAACGTCTGCGCATCG F N G Q K F S D V T P L R L N Y G E R L R I V 1933 TCCTGGTCAACGACACCATGATGTCGCACCCCATCCATCTGCATGGCATGTGGAGCGACCTGGAAGATG L V N D T M M S H P I H L H G M W S D L E D D 2002 ATGGCGGCAATTTCCAAGTGCGCAAGCACACCGTGGATATGCCGCCAGGGAGCAAGCGCACGTATCGGG G G N F Q V R K H T V D M P P G S K R T Y R V 2071 TTCGCGCCGATGCGCTGGGTACGTGGGCCTATCACTGTCATCTGCTCTACCACATGGAAGCCGGGATGA R A D A L G T W A Y H C H L L Y H M E A G M M 2140 TGCGCGCTGTGAAGGTGGAGGAATGAACATGATCACCTCTTTGGCCAGCTCACGAGCTGGCGCTCTCGC R A V K V E E *
GCATGTCCAGGCCAGGAAGCGGAACAAAGCCTGATTCCTCTATGCAGGGCATGACCATGGAGGGGATGG M S R P G S G T K P D S S M Q G M T M E G M D 2554 ATCACGCAGCAATGGGGCATAGCGCCACCACGAGCGAGCCGCGCACGCCTATCCCGAAGGTGACCGACA H A A M G H S A T T S E P R T P I P K V T D I 2623 TCGACCGAGCCGCTGCGGTACCACCACCCAGCGATCATCCCGTCCATGACAACACAATTCAGCATTACG
The 4.9-kb ClaI fragment was subcloned into the broadhost-range vector pCPP46 in both orientations. Both plasmids conferred copper resistance to copper-sensitive strains of X campestris pv. juglandis and X campestris pv. celebensis. Near wild-type levels of copper resistance activity were found in transconjugants of XJNF1, XJS1, and XC143. However, the Cur genes were not expressed in E. coli, indicating that the activity or expression of the X campestris pv. juglandis Cur genes is restricted to species closely related to xanthomonads.
The size of the Cur gene region is similar to those of X campestris pv. vesicatoria and P. syringae pv. tomato, which are 4.5 and 4.8-kb, respectively (9, 69) . The 4.9-kb ClaI fragment has potential coding capacity for either one very large or several average-size polypeptides. Tn3-spice insertion mucleavage site ORF31 MFAFRSIATTVVMVAASLASASAFJPKLVVSSPVDNATVSAPATINLSF 50 (44) . ORF4 and CopD have 40% identity and 64% similarity. Other details and symbols are described in the legend to Fig. 6. tagenesis indicated that a region outside the 4.9-kb ClaI fragment inactivated copper resistance. Thus, although the 4.9-kb fragment contained the structural requirements for copper resistance, some regions outside the fragment may play a regulatory role in affecting expression of Cur genes.
Hybridization of ClaI-digested total genomic DNA of Cur strains of X campestris pv. juglandis with the 4.9-kb ClaI fragment showed the presence of two bands with sizes of 4.9 and 7 kb. The presence of the 7-kb band is indicative of a duplicate set of Cur genes. Two bands with sizes of 1.2 and 5.2 kb were observed, as expected by the restriction map of plasmid pXjCu1O, after hybridization with EcoRI-digested DNA. This indicates that these two fragments are probably internal to both sets of genes and no EcoRI restriction site polymorphism exists.
To further examine whether the Cur genes are located on the chromosome, bidirectional walks from the cloned Cur genes were made to determine the size of the region flanking the Cur determinant and to define the common borders between Cur and Cu8 strains. The assumption of these experiments was that if the Cur determinant was on the chromosome and Cur strains evolved from Cu8 strains, then DNA fragments outside the Cur determinant should be identical or highly similar in both Cur and Cu8 strains. Hybridization analysis revealed that the 4.9-kb Cur genes were located in an approximately 20-kb region to which no similarity was found in Cu8 strains. However, strong signals were detected when the fragments outside the region were hybridized to Cu8 strains. In light of the results obtained, the Cur genes of X. campestris pv. juglandis are most probably located on chromosomes. By using several fragments within the 20-kb region as probes, such as the 4.9-kb ClaI fragment, and the 7.2-, 3.2-, and 9.4-kb HindIII fragments, it was found that DNA fragments inside the 20-kb region were conserved in all Cur strains tested. Bands of the same size as the probe were present in all Cur strains tested. The function of the 16-kb DNA region flanking the 4.9-kb ClaI fragment is unknown. However, their conservation among Cur strains indicates that they may be important in conferring additional properties for copper resistance.
To determine whether the 20-kb region was in the same location on the chromosome of the four Cur strains tested, further hybridization experiments were carried out with fragments around the border of the region as probes. It was assumed that if the 20-kb fragment is in the same location in the Cur strains, the 1.6-and 0.7-kb HindIII fragnents (corresponding to probes 2 and 3 in Fig. 3) should be contiguous in all Cur strains, as predicted by the restriction map of the region. Thus, a band of 5.8 kb would be expected when BamHI-restricted genomic DNA is hybridized with either the 1.6-or 0.7-kb HindlIl fragments (Fig. 3) . The 1.6-and 0.7-kb HindlIl fragments were observed in all four Cur strains, but a 5.8-kb BamHI fragment was present only in XJC5 (Fig. 4) (44) . Multicopper oxidases include four fungal laccases from N. crassa (N.c., 619 amino acids) (25) , Cryphonectria parasitica (C.p., 592 amino acids) (13), Coriolus hirsutus (C.h., 520 amino acids) (34), A. nidulans (A.n., 609 amino acids) (5), cucumber ascorbate oxidase (C.A., 587 amino acids) (51), and human ceruloplasmin (H.C., 1065 amino acids) (72) . Dashes represent gaps introduced for optimal alignment. The numbers on the left and right indicate the number of residues from the N terminus. Laccase sequences from A. nidulans and human ceruloplasmin do not contain the regions homologous to amino acids 283 to 338 of ORF1. Identical amino acids and conserved substitutions are in boldface type. Four conserved regions which contain copper ligands are boxed. The boxed regions, aligned according to the study by Ohkawa et al. (51) , contain 12 potential ligands of type 1, type 2, and type 3 copper (labeled 1, 2, and 3, respectively) on the basis of the results of X-ray crystallographic analysis for zucchini ascorbate oxidase (46) . The fourth boxed region contains a multicopper oxidase signature 1 in which the cysteine, histidine, and methionine are known ligands to blue type 1 copper (labeled 1) in azurin from A. denitrificans and P. aeruginosa (2, 50), pseudoazurin from A. faecalis (3, 55, 56) , and algal plastocyanin (15, 27) , and plantacyanin from cucumber (Cucumis sativus) (28) on the basis of their X-ray crystallographic analysis. campestris pv. juglandis shared homology with Cur genes of P. syringae, P. syringae pv. tomato, and X campestris pv. vesicatoria.
All Cur strains of X campestris pv. juglandis that were tested appeared to be genetically homogeneous, essentially clonal, with respect to the copper resistance determinant. Since these Cur strains were isolated from different counties in California and in different years, it is likely that this copper resistance determinant is widespread. Under conditions of low stringency, weakly hybridizing bands also were found in digested genomic DNA of Cus strains when the 4.9-kb ClaI fragment was used as a probe. However, the positions of these bands were different from those found in Cur strains. This indicates that the copper resistance determinant was not derived from mutational activation of genes that may be "silent" in Cus strains. (44) . In addition, both copABC and copD and ORF1 to ORF4 have a strong preference for codons containing G or C in the wobble position. The most conserved regions within these two sets of copper resistance genes are the first ORF (ORF1 and CopA) and the C-terminal region (166 amino acids from the C terminus) of the second ORF (ORF2 and CopB). Less well conserved regions were found in the third and fourth ORFs. However, ORF3 has several potential copper binding ligands (His, Met, Asp, and Ser residues) in regions which are conserved with CopC. Comparison between the pco systems (copper resistance of E. coli) and the cop systems also revealed that the first two ORFs shared more homology than the other ORFs (37, 59, 64) . These results suggest that the first ORFs contain more conserved functional and/or structural domains necessary for copper resistance activity than the other ORFs.
Aside from the regulatory genes which were not investigated in X campestris pv. juglandis, two distinct features of the Cur system of X campestris pv. juglandis, compared with the cop system of P. syringae pv. tomato, may be mentioned. First, direct repeats of the highly conserved octapeptide (Asp-HisSer-Gln/Lys-Met-Gln-Gly-Met) were found in CopA and CopB of P. syringae pv. tomato. These repeats have been proposed to be copper-binding domains responsible for exclusion of copper from the cytoplasm (44) . However, this repetitive pattern was not found in ORF1 and ORF2 ofX. campestris pv. juglandis, indicating that they may function in a different manner, such as sequestering and compartmentalization of copper. Second, the hydrophobicity profiles of ORFi to ORF4 are similar to those of CopA to CopD except for the N terminus of ORF2 and CopB, determined by the algorithm of Kyte and Doolittle (35) . The N terminus of ORF2 has a hydrophilic region, but it is hydrophobic in CopB. The N termini of ORF1, ORF3, and ORF4 each have characteristics common to signal peptide sequences, indicating that the location of these proteins might be in the bacterial cell membrane or periplasm. CopA and CopC were recently located in the periplasmic space by immunoblot analysis of subcellular fractions. Some CopA also is found in outer membrane fractions. In addition, CopB, which also has a signal peptide, was tightly associated with the outer membrane (12) . However, lack of a common signal peptide in the N terminus of ORF2 suggested that the location of ORF2 might be different from that of CopB. The major hydrophobic stretches in ORF4 are conserved in the same general location as in CopD. This suggests that the protein encoded by ORF4 is membrane bound and may function in copper transport.
The deduced amino acid sequences of ORFi and CopA contain three highly conserved regions, and these regions share considerable sequence similarity with parts of multicopper oxidases. In addition, these regions contain four copperbinding domains (13, 45, 51, 53) . The copper atoms bound in these domains are classified into three types corresponding to their distinct spectroscopic properties, type 1 (or blue), type 2 (or normal), and type 3 (or coupled binuclear) copper (41, 46 (12) reported that CopA had a capacity to bind 10.9 ± 1.2 atoms of copper per molecule, but the type of these copper atoms is unknown. They attributed this large copper-binding capacity to the multiple repeated sequence (Met-X-X-Met-X-His-X-X-Met) and other histidine ligands. To ORFi and CopA appear to be evolutionarily related to small copper proteins and multicopper oxidases. ORFi and CopA contain a multicopper oxidase signature 1, which contains the typical type 1 copper ligands known from X-ray structures of small blue copper proteins, such as plastocyanin (27) , azurin (2, 50) , and pseudoazurin (3, 39) . Blue copper proteins are a group of low-molecular-weight copper proteins found in bacteria, algae, and plants. A degree of homology had been noted between small copper proteins and multicopper oxidases, such as laccases, ascorbate oxidases, and ceruloplasmin (20, 24) . Although the overall homology of these coppercontaining proteins is not extensive, it has been suggested that multicopper oxidases and small blue copper proteins were derived from the same ancestral genes, on the basis of the homology of the type 1 copper-binding region between these proteins (20, 24, 45) . ORFi and CopA contain the regions homologous to multicopper oxidases and also contain a type 1 copper-binding domain.
In addition to phylogenetic relationships between ORF1 and CopA, and small blue proteins and multicopper oxidases, homologous proteins generally show sequence conservation in regions necessary for structure and function. The biochemical functions of ORF1 are still unknown but may be similar to CopA, small blue proteins, or multicopper oxidases. Small blue proteins, such as azurins, have a general function as electron transfer proteins, and multicopper oxidases catalyze the fourelectron reduction of molecular oxygen to water with concomitant one-electron oxidation of the substrate (22, 36) . The copper atoms in these proteins are believed to play roles on catalytic and reduction-oxidation properties. To determine whether copper-resistant strains of X. campestris pv. juglandis have similar functions of multicopper oxidases, a simple assay with ABTS [2,2'-azino-di(3-ethylbenzothiazoline-6-sulfonic acid)] for laccase activity (49, 62) was used. Interestingly, a laccase-like activity was found in the copper-resistant strains on the CYE-glycerol medium supplemented with copper but was not found on the medium without copper. Experiments to determine whether this activity is related to ORF1 which would result in copper resistance are now under way.
